In-situ X-ray diffraction (XRD) and micro-Raman scattering have been used to study the thermal stability of lithium fluoride (LiF)-added (7% weight ratio) Ba(Zr 0.8−x Ce x Y 0.2 )O 2.9 (BZCY: x = 0.1 and 0.2) protonconducting ceramic powders as a function of temperature in 1 atm of flowing CO 2 . This work reveals that LiFaddition can reduce the thermal stability of Ba(Zr 0.8−x Ce x Y 0.2 )O 2.9 in CO 2 and cause decomposition to BaCO 3 , and possibly Ba 3 Ce 2 (CO 3 ) 5 F 2 (or CeCO 3 F), and Y 2 O 3 -like compound after exposure to CO 2 from high temperatures. LiF-related compounds can be removed after calcining (or sintering) in air above 1200°C, but a minor amount of a Y 2 O 3 -like compound could remain after calcining at 1400°C in air.
Introduction
One important issue facing proton-conducting ceramics for applications of hydrogen purification and solid oxide fuel cells (SOFCs) is the thermal instability to the environment, especially reaction with coal syngas components such as CO 2 and H 2 S [1, 2] . However, the effects of coal syngas species on SOFC related materials are not presently well known. Though proton conductors are promising candidates for SOFCs because of their low ionic activation energy [3] [4] [5] [6] , the major challenge for these materials is to find a proper compromise between ionic conductivity and thermal (or chemical) stability in various environments and operation temperatures (typically 700-850°C).
BaCeO 3 has been known to exhibit high ionic conductivity at high temperatures (≥500°C) but a poor thermal stability was observed in CO 2 and H 2 O atmospheres [3] [4] [5] [6] [7] . On the other hand, yttrium-doped BaZrO 3 shows a sufficient thermal stability [8, 9] . Zr substitution for Ce can improve the thermal stability but decreases the ionic conductivity. Partially substituting Zr for Ce reduces its tendency to decompose into BaCO 3 and other oxides in a CO 2 -containing environment at intermediate temperatures (700-850°C). Thus, it has been a goal to find doped Ba(Zr,Ce)O 3 ceramics with sufficient ionic conductivity and thermal stability by replacing a fraction of cerium with Zr or other stable dopants.
By thermal gravimetric analysis (TGA) and XRD, Ba(Ce 0.9 Y 0.1 )O 3−δ (BCY10) powder was confirmed to be kinetically stable below 500°C and then decomposes completely to BaCO 3 , CeO 2 , and Y 2 O 3 after exposure to pure CO 2 at 860°C [10] . Similarly, XRD results of BCY10 heated in the region of 700-1000°C in pure CO 2 revealed BaCO 3 and fluorite-like CeO 2 structures [11] . It was found that BCY10 can absorb 0.13 g of CO 2 per ceramic gram [11] . Ba(Ce 0.9 Nd 0.1 )O 3−δ (BCN) ceramic showed decomposition to BaCO 3 and CeO 2 in 1 atm CO 2 before reaching 1200°C, above which the BCN ceramics reacted with alumina or zirconia in the crucible, leading to the loss of barium and an excess of cerium [12] . Differential thermal analysis (DTA) and TGA of Gd-and Nd-doped Ba(Ce,Zr)O 3 solid solutions showed a reaction with CO 2 above 600°C and a reverse reaction near 1150°C for low Zr content [13] .
Ba(Zr 0.4 Ce 0.5 )Y 0.1 O 3−δ showed a good thermal stability after exposure to CO 2 at 900°C [13] . The total ionic conductivity of Ba (Zr x Ce 0.9−x Y 0.1 )O 3−δ (x = 0.0-0.9) in wet H 2 (pH 2 O = 1.7 × 10 3 Pa) varies from 3.5 × 10 − 2 to 3.0 × 10 −3 S/cm at 800°C [14] . The XRD spectra of Ba(Zr 0.4 Ce 0.5 Y 0.1 )O 2.95 and Ba(Zr 0.6 Ce 0.3 Y 0.1 )O 2.95 sintered pellets showed good chemical stability after being boiled in water or after being exposed to CO 2 at 900°C [15] . In recent stability work, the calcined Ba(Zr 0.8−x Ce x Y 0.2 )O 3−δ powders synthesized by the sol-gel method exhibited a good chemical stability for x b 0.3 after exposure to CO 2 at 900°C [16] . Similarly, XRD results of Ba(Zr 0.8−x Ce x Y 0.2 )O 3−δ powders prepared by the sol-gel process showed a decomposition of BaCO 3 for x ≥ 0.4 after treatment in a CO 2 atmosphere at 650°C [17] .
Ba(Zr 0.1 Ce 0.7 Y 0.2 )O 3−δ (BZCY172) remained unchanged at 500°C and exhibited sufficient stability in 2% CO 2 (with H 2 ) or H 2 (with H 2 O) [18] . Conductivities of BZCY172 in humid 4% H 2 /Ar are about 9 × 10 − 3 and 2 × 10 − 2 S/cm at 500 and 700°C, respectively [18] . Ba 2 (Ca 0.75 Nb 0.59 Ta 0.66 )O 6−δ , Ba 2 (Ca 0.75 Nb 0.66 Ta 0.59 )O 6−δ , and Ba 2 (Ca 0.79 Nb 0.66 Ta 0.55 )O 6−δ showed long-term stability in boiling water and CO 2 at 800°C [19] . In-situ XRD and post Raman spectra of Ba (Zr 0.6 Ce 0.2 Y 0.2 )O 2.9 (BZCY622) and Ba(Zr 0.8 Y 0.2 )O 2.9 (BZY82) exhibited a sufficient thermal stability in 1 atm CO 2 without obvious decomposition [20] . Conductivities of Ba(Zr 0.8−x Ce x Y 0.2 )O 2.9 synthesized without LiF for x = 0.8, 0.5, 0.3, and 0.0 in wet H 2 at 700°C are 1.47 × 10 − 2 , 1.14 × 10 − 2 , 7.10 × 10 − 3 , and 5.68 × 10 − 3 S/cm, respectively [21] .
Lithium fluoride (LiF) has been used as a sintering aid to reduce the sintering temperature and also to enhance density in SOFC ceramics [22] . However, there is not much knowledge on the effects of adding LiF on thermal stability under CO 2 atmosphere. In this work, in-situ temperature-dependent XRD and micro-Raman scattering were employed to investigate the effect of 7 wt.% LiF-addition on thermally structural stability of calcined Ba(Zr 0.7 Ce 0.1 Y 0.2 )O 2.9 (BZCY712) and Ba (Zr 0.6 Ce 0.2 Y 0.2 )O 2.9 (BZCY622) powders in 1 atm of flowing CO 2 . The post micro-Raman spectra were obtained after exposure to CO 2 at high temperatures.
Experimental
Ba(Zr 0.8−x Ce x Y 0.2 )O 2.9 (BZCY: x = 0.1 and 0.2) ceramic powders were synthesized by the glycine-nitrate process and then were calcined at 1300°C in laboratory air for 5 h to ensure a single perovskite phase. The 7 wt.% LiF powder was added in calcined BZCY powders before the milling process. After the milling process, the asprepared LiF-added BZCY solution was dried into powder in an oven. For in-situ X-ray diffraction measurements, a high-temperature Rigaku Model MultiFlex X-ray diffractometer was used. In our present experimental results, separate peaks for these two wavelengths could not be resolved. As-prepared LiF-added BZCY ceramic powders were placed and smoothly pressed on the platinum sample holder. The temperature was raised in steps from room temperature in 1 atm of flowing CO 2 . Each XRD scan was taken after holding the sample at the setting temperature for about 10 min to ensure a complete reaction with CO 2 . In addition, the XRD and micro-Raman spectra were measured after subsequent exposure to CO 2 at 850°C for previously calcined (at 1200°C in air for 5 h) 7 wt.% LiF-added BZCY powders. The post XRD and micro-Raman spectra were also obtained for 7 wt.% LiF-added BZCY after calcining in air at 1400°C for 5 h.
A double grating Jobin Yvon Model U-1000 double monochromator with 1800 grooves/mm gratings and a nitrogen-cooled CCD as a detector were employed for micro-Raman scattering. A Coherent Model Innova 90 argon laser with λ = 514.5 nm was used as an excitation source. ) and (211) reflections, the standard deviation is about 0.004 Å for both BZCY712 and BZCY622 powders. The lattice parameter of BZCY622 is slightly greater than that of BZCY712 because the radius of Ce 4+ (R VI = 0.87 Å) is larger than for Zr 4+ (R VI = 0.72 Å) [24] . A minor broad shoulder seen in the high-2θ XRD peaks of BZCY712 possibly associates with BZY82, whose XRD spectrum is given in Fig. 2(e) . The dotted lines indicate the structural correlation between BZCY712 and BZY82 at room temperature.
Results and discussion
Upon heating in 1 atm of flowing CO 2 , the XRD spectra remain almost the same below 450°C without obvious decomposition. However, above 450°C several decomposition peaks appear in LiFadded BZCY712 and BZCY622 [Figs. 2(a) and 3] as denoted by "+" and "*", indicating BaCO 3 and possibly Ba 3 Ce 2 (CO 3 ) 5 F 2 (or CeCO 3 F).
The identification of Ba 3 Ce 2 (CO 3 ) 5 F 2 (or CeCO 3 F) is mainly based on Raman spectra given in Fig. 4(d) . As the temperature increases, the relative intensities of "+" and "*" peaks grow gradually up to 775°C and then vanish essentially above 800°C. Several minor XRD peaks as indicated by "#" begin to smear out near 800°C upon heating. Those peaks likely correspond to the Y 2 O 3 -like structure as compared with the XRD peaks of Y 2 O 3 in Fig. 2(c) . Fig. 4(a) and (b) shows the post Raman spectra of LiF-added BZCY712 and BZCY622 powders after exposure to 1 atm of flowing CO 2 from 900°C. To identify possible chemical decomposition, the Raman spectra of BaCO 3 , Ba 3 Ce 2 (CO 3 ) 5 F 2 and CeCO 3 F are given in Fig. 4(c) and (d) . The main vibrations of BaCO 3 include 225, 690, 1059, and 1419 cm − 1 . The CO 3 2− ion (D 3h symmetry) has four normal vibration modes: A 1 ′(R) + A 2 ′(IR) + E′(R, IR) + E′′(R, IR) [25] . "R" and "IR" indicate the Raman and infrared active modes, respectively. The 690, 1059, and 1419 cm − 1 vibrations respectively correspond to the doubly degenerate bending vibration (E′′), symmetric stretching vibration (A 1 ′), and doubly degenerate asymmetric stretching vibration (E′) of the CO 3 2− ion.
As given in Fig. 4(d) , Ba 3 Ce 2 (CO 3 ) 5 F 2 and CeCO 3 F have two similar major Raman vibrations of 267 and 1084, and 254 and 1093 cm − 1 , respectively. Raman vibrations of 690, 1059, and 1419 cm − 1 of BaCO 3 appear in LiF-added BZCY712 and BZCY622 after exposure to 1 atm CO 2 from 900°C as indicated by "+" in Fig. 4(a) and (b) . In addition, 270 and 1090 cm − 1 vibrations of possibly Ba 3 Ce 2 (CO 3 ) 5 F 2 (or CeCO 3 F) as indicated by "*" were also observed in LiF-added BZCY712 and BZCY622. To study the effect of the calcining temperature, Fig. 5(a) and (d) show the post XRD spectra of LiF-added BZCY712 and BZCY622 powders after calcining at 1200°C in laboratory air for 5 h. "#" and "□" indicate Y 2 O 3 -like structure and possibly high-cerium BZCY, respectively. BaCO 3 and possibly Ba 3 Ce 2 (CO 3 ) 5 F 2 (or CeCO 3 F) do not occur after calcining in air at 1200°C and also were not observed in the post Raman spectra as shown in Fig. 6(a) and (d) . Fig. 5(b) and (e) are the post XRD spectra after subsequent exposure to CO 2 at 850°C for previously calcined (at 1200°C for 5 h) LiF-added BZCY712 and BZCY622 powders. The BaCO 3 was observed in both BZCY712 and BZCY622 as indicated by "+". The Raman modes of BaCO 3 were confirmed by vibrations of 690, 1059, and 1419 cm − 1 as seen in Fig. 6(b) and (e). In addition, the Raman mode near 370 cm − 1 which likely associates with the major vibration 375 cm − 1 of Y 2 O 3 [20] , was observed in LiF-added BZCY712 and BZCY622 after subsequent exposure to CO 2 at 850°C as shown in Fig. 6 (b) and (e). This is consistent with the Y 2 O 3 -like structure as indicated by "#" in Figs. 5 and 6.
As seen in Fig. 5(a, b, d, and e ), the high-cerium XRD peaks shown by "□" appear after calcining in air at 1200°C, but then disappear after subsequent exposure to 1 atm CO 2 at 850°C. This disappearance results from the CO 2 reacting much more strongly with the highcerium material compared to the original BZCY712 or BZCY622. In addition, the BaCO 3 peaks shown by "+" after the 850°C exposure to CO 2 result mostly from the loss of Ba from the high-cerium BZCY. Comparing Fig. 6(a) and (c) for LiF-added BZCY712, and Fig. 6(d ) and (f) for LiF-added BZCY622, the major Raman peaks appear near 240, 480, and 720 cm − 1 in both compounds after calcining at 1200 and 1400°C. Note that the major vibrations of CeO 2 and ZrO 2 are 461 and 474 cm − 1 , respectively [26, 27] . The 474 cm − 1 vibration of ZrO 2 corresponds to the O-O vibration of the A g mode [26] . The 461 cm − 1 of CeO 2 corresponds to the F 2g Raman-active mode of the fluorite structure [27] . Thus, the 480 cm − 1 peak likely associates with the O-O vibration in the BZCY perovskite structure.
In the recent study by Tsai et al. [22] , nuclear reaction analysis (which is sensitive to elemental concentration) showed negligible residue of Li in 7 wt.% LiF-added BZCY622 solid ceramic after sintering at 1400°C for various dwell times [22] . The 7 wt.% LiF-addition does not reduce conductivity, but rather slightly improves the total Fig. 5 . Post XRD spectra of LiF-added BZCY712 and BZCY622 (a and d) after calcining at 1200°C in air for 5 h, (b and e) after subsequent exposure to CO 2 at 850°C for previously calcined powders at 1200°C for 5 h, and (c and f) after calcining at 1400°C in air for 5 h. "+" and "#" indicate BaCO 3 and Y 2 O 3 -like structure, respectively. "□" represents possibly high-cerium BZCY. 
